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Introduction
The use of perforated steel beams has resulted in longer span floors. Their popularity has also increased because of an architectural emphasis on exposed structures, with cellular, castellated and elongated web openings being typical in structural sections. Sections having webs penetrated by large closely spaced openings over almost the full span are now common. Although the best application of these beams appears to be for long spans which are to carry a light uniform load, some heavy-mass structures, such as bridges, have been constructed using perforated beams for the full span. Also, with greater automation, the cost of their fabrication has been reduced to the level where for certain applications they may be competitive with open-web steel joists [1] .
In the last decade researchers have tried to examine the web opening shapes of perforated steel sections in order to provide a better understanding of the stress distribution in the vicinity of the web openings, and to identify those that have the best structural behaviour under certain types of loading [2, 3] . The aim is to provide the maximum possible web opening area for the integration of services, whilst keeping the minimum possible self weight for different types of loading.
Objectives
The objective of this work is to investigate and compare, through an experimental programme of work and finite element (FE) study, the behaviour of perforated steel beams with various standard and nonstandard web opening shape configurations. It is therefore necessary to review existing information on webpost buckling [4, 5, 6] and to examine this mode of behaviour in light perforated beams with closely spaced web openings of various shapes. This work also seeks to review the design model of circular web openings and develop design models for the novel web openings, when they are closely spaced, for the complex webpost buckling failure mode.
The sub-objectives of this research are as follows:
• To observe the structural behaviour of perforated beams with closely spaced web openings in the elastic and in the plastic range.
• To examine both the load carrying capacities and the failure modes of perforated sections.
• To examine the positions of high stress concentration points in the vicinity of the web openings.
• To correlate the experimental results with FE models, and thoroughly investigate their complex structural behaviour in terms of buckling load, stress distribution and failure mode.
• To conduct an extensive FE parametric study on web-posts and then to devise a buckling model that can be used for perforated sections with various closely spaced novel web opening shapes.
Experimental program

Introduction
Experimental work was conducted on seven full scale steel perforated beams with various web openings in order to validate the finite element global study. Thereafter, the appropriate conditions and input data were used in the FE study to simulate the local web-post failure for all of the web opening shapes and conduct a comprehensive parametric study.
Details of specimens
The specimen size was chosen to cover a large range of thin web beams mostly utilised as roof beams.
The depth of the web openings should be low enough to prevent Vierendeel effects prior to web-post buckling failure in perforated sections with relatively thin webs. Hence, a diameter, d o , equal to 0.7h was adopted. The advantage of this selection is that constant shear forces are generated and hence web-post buckling failure is expected. A widely used section UB457x152x52 of steel grade S355 was chosen. Seven beams were tested in the laboratories at City University London, all with a span of 1.7m. In all seven beams the position of the web-post is the same in relation to the reactions and so the moment-shear ratio (M/V) could easily be found. The beam is symmetrical about the mid-span centre-line. Two different sets of tests were carried out.
• The first category consists of specimens A1, A2 and A3. One is a circular cellular beam (A1) and the other two cellular beams with fillets of 25mm (A2) and 45mm (A3) introduced at the mid-depth of the web openings, as shown in Fig. 1 . The web opening spacing was kept the same (S = 1.3d o ), and hence the critical web-post width decreases as the fillet radius was increased. With the advantage of profile cutting, the bigger the radius of the fillet, the larger is the depth of the final section and hence its second moment of area.
• In the second category specimens B1, B2, B3 and B4 with different web opening shapes were investigated. These consist of one circular cellular beam (B1), two perforated sections with novel vertical elliptical web openings (B2 and B3) as well as one perforated section with novel inclined elliptical web openings (B4) (see Fig. 1 ). These web opening shapes consist of a combination of circular and straight lines. The concept was arrived at using a combination of a circular and a hexagonal web opening. The potential of these two shapes was of interest. The critical web-post width was kept the same (s o = 0.2d o ), and thus the horizontal shear capacity at the web-post was investigated for each case.
Geometric details for the design of these novel web openings shapes are given in Fig. 1 and Table 1 . Further details of the experimental and analytical work can be obtained from Tsavdaridis et al. [7, 8] . 
Coupon tests
To determine the mechanical strength of the steel I-sections used for these tests, tensile coupon tests were carried out to the specifications and guidelines in BS EN 10002-1 [9] . Coupons were taken from two un-yielded locations (one flange and one web) of the four steel beams tested. The yield (f y equal to 375.3MPa and 359.7MPa for web and flange/stiffener, respectively) and the ultimate stresses (f ult. equal to 492.7MPa and 480.9MPa for web and flange/stiffener, respectively) were determined by averaging the results obtained from all the tensile coupon tests.
Test set-up
To ensure load distribution from supports and load and to prevent failure by lateral torsional buckling (LTB) and buckling due to compression, bearing stiffeners were utilised at supports and mid-span together with a loading plate (Fig. 2) . The thickness of the stiffeners at supports is similar to the thickness of the flange (i.e. t f = 10.9mm), while the thickness of the stiffeners at mid-span is 20mm. The loading plate was designed to distribute the load, especially in the case in which the web opening edge is very close to the load centre-line. The thickness of the loading plate is 10mm. The apparatus for the testing program was arranged in such a way that a bending moment was applied at the mid-span web post of the beams without inducing significant axial forces at the edges of the web openings. Data acquisition equipment was used to monitor the tests and alter the loading increments for more precise results. Also, it provided a means of identifying the onset of web-post buckling during the test.
Fig. 2:
Test set-up arrangement
Test procedure
The simply supported beam was loaded at mid-span through a hydraulic jack. The load application is conducted by controlled deformation with a low displacement rate. The test procedure followed was incrementally monotonic loading to failure, followed by full unloading. Loading was continued after the ultimate load was reached in order to examine the post-elastic failure behaviour and the strain hardening slope.
The specimens were heavily gauged, as shown in Fig. 1 , in an attempt to identify a primary mode of failure i.e. either a 'buckling load' for the web-posts, the formation of a yield mechanism (plastic hinges), or local buckling of the flange.
In the following description of the test results, critical load, P cr , is the load on beam of first visible webpost buckling or rupture, which is higher than the yield load, P y . The ultimate load carrying capacity, P ult. , is the maximum load value recorded in the test, usually followed by a sudden drop of load shortly afterwards.
FEA study
Introduction
Global finite element analyses on seven full scale steel perforated beams with various web openings were conducted and compared with the experimental results. The aim of this global study was to validate the FE model using the experiments in order for it to be used for the parametric study, as well as to compare the results of nominal steel properties and the actual ones taken from coupon tests.
Model description
A skeleton model based on beam geometry was initially developed for each of the test specimens.
Analysis of the web-post using the finite element method (FEM) was based on ANSYS v11.0 [10] . Similar FE analyses can be found in literature [11] . It should be noted that although the specimens used in the experimental work had visible imperfections in their geometry, perfect models were used for modelling purposes. SHELL181 plastic elements were used for this work, with an average maximum size of 20mm in the vicinity of the web openings, as determined from a convergence study [7] . For specimens A2 and A3, in order to provide a better stress distribution in the vicinity of the fillets at the mid-depth of the web, much smaller elements were incorporated as such elements are more likely to be distorted. The material properties of the FE models were the same for all specimens. Linear elastic properties of the material were taken as 200GPa and 0.3 for Young's Modulus and Poisson's Ratio, respectively. For the plastic properties of the steel material, the average values from coupon tests were used (FEM 1 in Fig. 4) . Additionally, a nominal yield strength value (S355, f y =355MPa) was used for comparison (FEM 2 in Fig. 4) . The Tangent Modulus value was assumed to be 580MPa for both the Multi-linear Isotropic Model (MISO) with true branches (i.e. 
Model verification
The above model was primarily calibrated against experimental work found in the literature [1] and extensively presented in Tsavdaridis et al. [7, 8] . This work led to the proposed FEA model being used to calculate the ultimate strength and load versus deformation curves for all seven perforated beams subjected to buckling load.
Experimental and FE results
Discussion of the results
Each specimen is discussed separately. The order of yielding, mode of failure and comparison of actual to calculated FE performance is reported and a summary of the results provides overall comparison. All measurements from dial gauges are shown in Fig. 3 as they are useful when studying the web-post buckling as shown in Fig. 4 which depicts the highly distorted web-post on every specimen after failure. Relative predictions from the FEM models are also presented together with the schematic representation of VonMises stresses distribution (Fig. 4) . The Von Mises yield criterion has been adopted to define the yielding point of the steel.
First category includes perforated sections with circular web openings with and without fillets:
Specimen A1
Web-post buckling movement of the web showed very small values up to the yield load, where the teesections were symmetrically displaced in opposite directions. The first visible yield was located in the "left"
half-span of the beam and at a load of 257kN (i.e. P cr ). From the dial gauge readings it was seen that both sides experience high yielding and web-post buckling by the end of the test. The ultimate load, P ult. , carried by the specimen was 289kN, whilst the beam behaves plastically with constant strain hardening to a deflection of almost 65mm. 
Specimen A2
Very small values of web-post buckling movement were seen up to the yield load, where the tee-sections move symmetrically in opposite directions. The first visible yield was located in the "left" half-span of the beam and at a load of 267kN (i.e. P cr ). From the dial gauge readings it was seen that both sides experience high yielding and web-post buckling at the end of the test. Following full yielding at 295kN, which is the ultimate load, P ult. , a sudden drop of load was observed. However, as the specimen was loaded further, it behaved plastically to a deflection of almost 50mm.
FE analyses diverged at a higher load than that in the test, whereas their maximum vertical deflection is much lower. Analytically, web-post buckling was observed prior to yielding, similar to that observed in the test, with the ultimate load carrying capacity being only 10% higher in FE model. A sudden drop with loss of strength was observed, with the beam behaving plastically with some strain hardening. Both sides of the beam deflected symmetrically but with different magnitude. The yielding of the top flange and that of the web extending into the flange were seen in the Von-Mises stresses contour plot. Slightly higher stresses were concentrated at the fillets, but they were not the cause of failure.
Specimen A3
From the first load steps, web movement was recorded and a web-post buckling profile was observed from the transverse web displacement readings. At a load of approximately 80kN, a second buckling mode occurred and the web moved in the opposite direction. Slight web-post movement was recorded followed by rupture of the "right" web-post at a load of 164kN (i.e. P cr ). A lower strain was observed from the rectangular strain gauges at this side. This was followed by a sudden rupture after two load steps at the "left"
web-post and a load of 156kN. Plastic behaviour was followed by strain hardening to a deflection of almost 5mm. After both web-posts had ruptured, an increase of strain hardening was obtained, with an ultimate load carrying capacity, P ult. , of 186kN. This occurred as the top and bottom tee-sections moved together in-plane and so provide some stiffness. Large deflection finally resulted in the decrease of the load carrying capacity and then total failure.
Modelling the structural behaviour of such a specimen was found to be challenging especially for the very narrow web-post. Failure of the model was taken as being directly after rupture of the steel web-post. It was found that the strength of the FE models is dramatically higher than the tested specimen. Finally, the top and bottom tee-sections moved together in-plane providing some stiffness, before high beam deflections and final failure occurs.
Second category includes perforated sections with circular and novel elliptical web openings:
Specimen B1
The recorded web-post movement showed very small values up to the yield load, when the tee-sections moved symmetrically in opposite directions. First visible yield was located in the "right" half-span of the beam at a load of 220kN (i.e. P cr ). Dial gauge readings showed that both sides experience high yielding and web-post buckling at the end of the test. As the specimen was loaded, the yielding portion distorted considerably. The ultimate load carried, P ult. , was 256kN, while perfectly plastic behaviour was observed followed by strain hardening to a deflection of 27mm. Von-Mises stresses in FE model showed the yielding of the compression area and the yielding of top portion of the flange and the yielding of the web extending into the flange. This represents well the secondary effects of shear.
The results of the FE models are in good agreement with the experimental values. It can easily be seen that both web-posts were highly stressed, but with only one side highly distorted before divergence of the FE model. The final load was taken to be 275kN, slightly higher than the experimental value. A comparison between Specimen A1 and B1 showed how the web-post width affects the load carrying capacity of cellular beams.
Specimen B2
The first visible web-post movement was observed at a load of 387kN (i.e. P cr ) and the first failure mode occurred at a load of 402kN (i.e. P ult. ). Deformation of the highly distorted web-post continued until a significant sudden fall in and a deflection of almost 50mm. Transverse web dial gauges confirmed that only the "right" side experienced web-post buckling up to the end of the test. The experiment was stopped when the "right" web-post had dramatically distorted.
Web movement was recorded from the beginning of the analysis, similar to that in the tested beam. Due to the very steep post-elastic curve, as observed in the experiments too, FE models diverged after reaching the ultimate load carrying capacity. The model was unable to redistribute the stresses, with the high stress concentration at the narrow web-post with the sharp corner edges causing sudden failure. This web-post shape, with such closely spaced web openings, caused locally stressed areas as seen from the Von-Mises stresses. Both sides of the beam experienced buckling, however only one side was highly distorted at the end of the test.
Specimen B3
The first visible web-post movement was observed at the "left" side and at a load of 387kN (i.e. P cr ).
Following the ultimate load carrying capacity of 416kN, P ult. , the distortion continued as load was gradually falling off. The transverse web dial gauges confirmed that only the "right" side experienced web-post buckling by the end of the test. The experiment was stopped when the "left" web-post had dramatically distorted at a maximum mid-span deflection of 27mm. It is worth mentioning that in this particular specimen, stresses at both web-posts moved to reasonable values.
The FE analyses showed similar behaviour in both the elastic and plastic regions. After reaching the ultimate load carrying capacity, the web became highly distorted whist the beam was gradually losing strength. Some strain hardening caused a double curvature at the plastic region. In contrast to Specimen B2
and despite the fact that the web-post width is identical (s o = 0.2d o = 63mm), very low stresses were observed at the narrower part of it. Horizontal shear of the web-post is not a critical factor when such web openings are utilised. High Von-Mises stresses (i.e. plastic hinges) were concentrated at the top and bottom tee-sections. Again, the yielding of the flange and web was shown.
Specimen B4
Web-post buckling movement of both web-posts showed very small values up to the yield load, with the transverse displacement at the "right" web-post being slightly higher. The first visible yield was located in the "left" half-span of the beam and at a load of 280kN (i.e. P cr ). From dial gauges readings it was seen that only the "left" side experienced high yielding and web-post buckling at the end of the test. On the "left" side there was high distortion, while the "right" half span no web-post buckling was observed up to a load of 327kN. The ultimate load, P ult. , carried by the specimen was 346kN, with a deflection of almost 40mm.
Again, in this particular specimen, stresses at both web-posts moved to a reasonable range. In the first category it was easily seen that when beams with circular web openings with 45mm of fillet were investigated, a very high stress concentration was observed at the notch point of the fillet. In the particular case, web-post rupture was obtained at a relatively low load level before any web-post buckling was observed. Conversely, when perforated beams with circular web openings with 25mm of fillet were examined, very similar results to the regular cellular beams (A1) were found. Although the minimum webpost width of Specimen A2 is only half the web-post width of the cellular beam, web and flange stresses, as well as vertical deflections and transverse web displacements, are very close. Moreover, the capacity of Specimen A2 was slightly higher, whereas the stiffness and the post-elastic strength were similar. Hence, in providing a lighter beam (A1), the overall outcome can be better. In the second category, the most important comparison is between Specimen B1 and B2 as the latter has almost 70% of the cellular's web opening area, whilst its capacity is 1.6 times the capacity of B1. Comparing Specimens B2 and B3, it can be concluded that the critical opening length, c, and not the web opening area, affects the beam's capacity in this case.
Highly distorted web-posts are shown in Fig. 4 .
Fig. 5 shows the variation of ratio of the test loads to FEM loads plotted against the web opening areas
(left), size of web opening and the web-post widths (right). These results suggest that a satisfactory prediction with low variability has been provided by the FE method, mainly at yield load level. P y is very well estimated by FEM for all cases with ratios close to unity and independently from the web-post width or the web openings area and shape. For higher loads, test to FE ratios are independent of the web-post area but dependent on the web-post width.
It is well known that the linear buckling prediction of thin shell is purely theoretical and it should be reduced in order to account for the influence of geometric imperfection and other defects. Initially, buckling starts at local imperfections with the formation of outer and inner waves. Geometric imperfections caused by manufacturing are the main cause of significant differences between critical buckling loads calculated using FEA and experimental buckling loads. Even very small imperfections can cause a substantial drop in the buckling load. Regarding these particular specimens, a number of manufacturing imperfections were found, especially in the perforated beams with the novel web opening shapes, due to lack of manufacturing capabilities. Other factors responsible for the deviation of the experimental and FE results are the nominal dimensions, instrumentation errors and residual stresses. 
FE model
The FE model used in this study was based on the previous examined UB457x152x52 deep section with an opening diameter/depth, d o , equal to 315mm, giving a beam opening/depth ratio of 0.7. Only the web thickness and spacing of the web openings were varied to assess the effect on web-post capacity. 
1.
Four-node shell elements (SHELL181) with 6 degrees of freedom at each node were used to model the web-post. Depending on the S/d o ratio and the web opening shape, different FE meshes were used to model the web-posts with the element size kept the same. The magnitude of the applied load was varied manually for each case in order to achieve convergence in the initial linear stage of the analysis. The load was applied in 100 sub-steps, the size of which could be automatically varied by the software in order to achieve convergence as the solution approached the failure load. The boundary conditions used in the model are shown in Fig. 6 and Table 3 . The web-flange connection was assumed to be pinned as a safe lower bound, independent of the flange size and type of weld. In practice, some degree of fixity would exist, which increases the web buckling resistance. 
Design model
The design model was developed based on a 'strut' analogy in which the stability of the web was checked using buckling curves to BS 5950-1 [12] . Compressive and tensile forces act across the web-post on opposite diagonals, as illustrated in Fig. 7 . Failure occurred when a local web buckle formed adjacent to the web opening as shown by the shaded areas in Fig. 7 . The compressive stress acting on the strut was calculated using the force in the upper tee-section or half the applied vertical shear force for a symmetrically placed opening. The effective width of the web-post resisting compression was taken as the half the total width of the web-post (i.e. b e = s o /2) as it is shown in Fig. 8 . This assumption was only used to evaluate the compressive strength from BS and it was based on empirical observations from literature [5] . The compressive stress acting on the strut is as follows:
(1) 
Basic design model for web-post between regularly spaced web openings
The design model derived from the finite element analyses was based on a simple strut model. The strut was considered as acting diagonally across the member (Fig. 8) . For perforated sections with circular web openings; the effective length, l e , of the strut was calculated as the diagonal distance across the web-post using an effective length factor of 0.5 in the literature [5] , as follows:
The slenderness, λ, of the web-post as a strut was then calculated as:
This value of slenderness was used to obtain the compressive strength, p c , from buckling curve "c" of BS 5950-1:2000 [12] , which was appropriate for fabricated sections with maximum thickness less than 40mm.
Then the vertical shear resistance, V v , due to web-post buckling was calculated as follows:
Lower bound to web-post buckling
The FE analyses have shown that yielding rather than buckling occurs for stockier webs. This means that web-post buckling does not occur and in some cases, the Vierendeel bending capacity will be the design check that governs rather than web-post buckling. (Fig. 10) . Regarding the novel web openings, suggested values for converting them to equivalent shapes were found from the Vierendeel study on perforated beams with isolated web openings [2, 7, 8] and briefly presented in Table 4 . The limiting vertical shear force in the top tee-section is given as follows:
Where M pt is the plastic moment capacity of the top tee-section and calculated as follows:
The centroids for equal areas were estimated from:
However, when d T /t w for the web of the tee-section exceeds the limit 9ε for a compact section (BS 5950-1:2000), the moment capacity, M pt , was calculated using elastic properties of the section.
The FE analyses show that yielding rather than buckling occurs for stockier webs. This means that webpost buckling does not occur and the Vierendeel bending capacity is the governed design check rather than web-post buckling. For example, Fig.11 
Design curve
The ratios of the vertical shear capacities evaluated by using the BS and the effective width of the webpost assumption over the vertical shear capacities estimated by FE analyses are given in Table 5 . There is conservatism up to 79% for narrow and thin web-posts, but the level of conservatism is reduced for wider web-posts with greater web thicknesses. The shaded area indicates where the Vierendeel bending rather than the web-post buckling controls according to Fig. 11 . The un-conservative stresses resulting from the basic design model are leading to safe design for this web slenderness, as the Vierendeel bending resistance is checked separately. Table 5 is only representing the examined model with circular web openings (A1 & B1). The solid line in Fig. 12 demonstrates the minimum compressive strength for a web-post of any web thickness within the examined range and a certain web opening spacing. This is an empirical design curve, evaluating the compressive stress at a web-post considering both the FE results and the theoretical evaluations based on plastic moment capacity of the top tee-section. An empirical design formula was developed (11) and shown below while the constant factors for all examined FE models are summarised in Table 6 . It is inevitable that by using this method some overestimation was considered for certain models. Conservative but also economic results for web-posts under buckling and shear provisions were achieved.
(11) Table 6 Design proposed factors for perforated section with novel web openings. 
Widely spaced web openings
For widely spaced web openings of any shape, the shear resistance can be obtained with S/d o = 2.0 being used as a cut-off limit in this analysis. For instance, in this limiting case when the effective length factor is equal to 0.5 (i.e. circular web openings) the following approach is considered:
In all cases, the shear resistance cannot exceed that given by a stress of 0.6p y acting on the web-post. This also applies to isolated circular web openings. Table 7 and Fig. 13 illustrate the position of the plastic hinges and so the effective opening widths for circular and elliptical web opening shapes. The positions of plastic hinges are estimated from models with widely spaced web openings. It is assumed that the hinge positions adopted for the novel elliptical web openings are non-unique while represent only the particular web opening shape with an angle (THETA) and a radius (R). A comprehensive FE study on numerous perforated sections with isolated vertical and inclined elliptical web openings has been carried out and the position of the plastic hinges has been carefully examined [7, 8] . 
Position of plastic hinges and effective widths of the web openings
Conclusions
The tests described provide considerable information on the plastic behaviour of perforated beams with various web opening shapes. Even with a limited experimental programme involving a single standard beam configuration, it has been possible to draw a few conclusions. Failure of the specimens occurs under the combined action of shear and moment. High deformation is observed as the web-posts are subjected to high shear, accompanied by heavy distortion of the web opening. Web-post buckling occurred at loads slightly in excess of that at which deformations were first observed. No attempt has been made to present a complete analysis of the tests regarding equilibrium and stability problems and it is believed that a considerable number of further tests will be required to justify plastic beam action of these sections. The work reported here demonstrates that behaviour of perforated beams with different web opening shapes is similar.
A theoretical finite element analysis was carried out to acquire a more complete view of the web-post buckling study and the complex failure mode for perforated sections with various web opening shapes and different spacing. The conclusions from the parametric FE work conducted on 225 models are:
• Specimens A1, A2, A3, B1, B2 and B4 are governed by Vierendeel bending capacity when the web thickness is between 7.6mm < t w < 10.5mm and the web-post width is between 63mm < s o < 252mm. In general, when novel elliptical web openings are considered, the critical openings length is narrower and hence the Vierendeel capacity is high.
• Between the FE estimations and the theoretical evaluations for web-post buckling, a range of conservatism from 50% to 90% was found. Higher conservatism is obtained when perforated beams with circular and elliptical web openings are considered, with lower conservatism for circular web openings with fillets.
• From the design equations it can be seen that in general the vertical shear capacities increase as the webpost width is increased, and conversely slightly decreased when they are subjected to high Vierendeel bending forces. However, when narrow elliptical web openings are considered, the capacity only gradually increases as Vierendeel bending is not critical.
• Specimen A2 and A3 behave similarly beyond a certain web-post width, where there is better stress distribution and cut-off 'shear' failure is avoided. Hence, for those models, the existence of the fillets at the mid-height of the web opening with different radiuses, does not affect the vertical shear capacity of the web-posts.
In more detail, regarding the horizontal shear stresses can be concluded that:
• From the FE analysis, due to better stress distribution, the maximum shear stresses are lower in Specimens B3 and B4 for any web opening spacing and Specimen B2 when the web opening spacing is greater than 1.131d o . The above stresses were found to be lower than the horizontal shear stress resistance.
• Specimen A2 and A3 present very high shear stresses at mid-height web-post due to the existence of the fillet and especially for web opening spacing 1.3d o and 1.2d o . Also, Specimen B1 presents high shear stresses at mid-height web-post.
• When relatively wide web opening spacing is considered, the maximum shear stresses move from the mid-height of the web-post towards the centroid of the axial forces, closer to the flanges.
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